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Introduction
using the prcomp function. Data projection was performed using the predict function. 142 143
Single-cell RNA sequencing and analysis 144
Single-cells were FACS index sorted into lysis buffer, and single-cell RNA 145 sequencing was performed based on the Smart-Seq2 protocol. 9 Protocols and single-146 cell RNA sequencing data generated for this article have been deposited in the Gene 147 Expression Omnibus database (accession numbers GSE128003 and GSE128074). 148
Single-cell RNA sequencing data of bone marrow BMCPs, analyzed in Dahlin et al 149 (2018) , 3 are available through GSE106973. 150 151 Sequencing data were aligned using GSNAP 10 to Ensembl genome build 81 11 and 152 gene counts were obtained using HT-Seq 12 . Quality control filtering and 153 normalization was performed in the R programming environment. Quality control was 8 performed to exclude cells with fewer than 500,000 reads mapping to nuclear genes 155 or with over 25% of mapped reads mapping to ERCC spike-ins. For the peritoneal 156 cells, PCA of the quality control-filtered samples showed that two cells separated 157 from the rest of the sample in principal component (PC) 1 ( Figure S2A ). Genes with 158 high PC1 loadings were highly significantly enriched for B cell related genes, so these 159 two outlier cells were suspected to be contaminating B cells and excluded from 160 further analysis. Cells were then normalized using Scran 13 and highly variable genes 161 were identified using the ERCC spike-ins to estimate technical variance 14 . This 162 identified 3330 highly variable genes for the basophil dataset and 1832 highly 163 variable genes for the mast cell dataset. 164 165 Downstream analysis was performed using the scanpy v1.4 python module 15 . Inbuilt 166 scanpy functions were used for PCA and diffusion map dimensionality reduction. 167 Differential expression between cell types was performed using the 168 rank_genes_groups function with the t-test_overestim_var option for testing. P-values 169 were adjusted using the benjamini-hochberg method for correcting for multiple 170 testing, and genes with adjusted p-value < 0.01 were considered significant. Gene list 171 enrichment analysis was performed using the enrichr function from the gseapy python 172 module 16, 17 . Cell cycle scoring was performed on scaled data using the scanpy 173 score_genes_cell_cycle function with S phase and G2/M phase gene lists downloaded 174 from Macosko et al 18 . Bone marrow BMCP cells from Dahlin et al (2018) 3 were 175 projected into the PCA space of the peritoneal cells and the k=10 closest peritoneal 176 neighbors of each bone marrow cell were identified in these co-ordinates. Figure 3B  177 was then generated by scoring how frequently each peritoneal cell was the nearest 178 neighbor of a bone marrow BMCP. Peritoneal mast cells were ordered in pseudotime using the diffusion pseudotime (DPT) scanpy implementation 19 . Due to cell cycle 180 effects confounding the diffusion map and DPT analysis, basophil progenitor cells 181 were ordered in pseudotime by ordering cells along PC1. Genes with dynamic 182 expression in pseudotime were identified following the method of Tusi et al. 2 Briefly, 183 gene expression was first smoothed along pseudotime using a sliding window of size 184 20. For each ordering, the windows with minimum and maximum gene expression 185 were identified, and a t-test performed between the values in each of these windows, 186 giving a p-value for each gene. To generate a background distribution, this analysis 187 was repeated for a random shuffling of cells along pseudotime. The adjusted p-value 188 for each gene was then calculated as the fraction of shuffled p-values across all genes 189 that were less than the p-value of the gene in question for non-permuted data. Genes 190 with adjusted p-value < 0.01 were then treated as dynamic across pseudotime and 191 plotted in the heatmaps. Gene expression in the heatmap was smoothed using a 192 sliding window of size 20 and z-score transformed for each gene. To identify groups 193 of genes with different pseudotime dynamics, genes were clustered using Louvain 194 clustering 20 with the scanpy implantation, with the nearest neighbor matrix calculated 195 on the full pseudotime expression matrix. The resolution was chosen to obtain 2 196 clusters for each dataset: downregulated and upregulated genes. Mast cell and 197 basophil signature gene sets were obtained from Dwyer et al, 21 
Results 212
Multicolor flow cytometry analysis reveals the basophil and mast cell differentiation 213 trajectories 214
Basophil and mast cell differentiation are closely linked, and the cells share a 215 common bipotent progenitor ( Figure 1A ). Here, we used multicolor flow cytometry to 216 map these branching trajectories at the single-cell level. (Figure 2A , Figure S1A ). To investigate 247 which genes were driving this separation, we performed differential gene expression 248 analysis, identifying 212 genes upregulated and 833 genes downregulated in Ba cells 249 compared to BaPs (Table S1 ). Enrichment analysis of these gene lists revealed that 250 upregulated genes were enriched for granulocyte immune response terms (Figure 251 S1B). Downregulated genes were enriched for cell cycle related terms ( Figure 2B To further explore this, we then performed analysis to computationally assign cell 258 cycle state to the single-cell profiles. 18 Consistent with the gene list enrichment 259 analysis, the majority of cells in the BaP gate were assigned to S and G2M states 13 (69%), whereas 87% of cells in the Ba gate were assigned to G1 state ( Figure 2C , D). 261
The effect of cell cycle status was clear in the diffusion map dimensionality reduction 262 ( Figure S1C ), confounding attempts to order cells using pseudotime algorithms such 263 as diffusion pseudotime (DPT). Instead, downregulation of progenitor marker genes 264 such as Cd34 and Kit indicated that ordering cells along the first principal component 265 (PC) could be used to arrange cells in pseudotime ( Figure S1D ). Visualization of cell 266 surface markers measured by index sorting also showed clear dynamics of the 267 different surface markers along PC1 ( Figure 2E ). As expected, CD34 and c-Kit 268 protein expression showed a negative correlation with pseudotime (compare Figure  269 1D and 2E), which indicates their downregulation during basophil differentiation. In 270 addition, the basophil marker CD49b (DX5) showed a positive correlation with 271 pseudotime ordering ( Figure 2E ). 272
273
Using the PC1 pseudotime ordering, we then identified genes that dynamically 274 changed during differentiation ( Figure 2F ). Clustering sorted these dynamic genes 275 into two groups: one increasing and one decreasing with differentiation (Table S2) . 276
Basophil differentiation was associated with upregulation of Hdc, which is associated 277 with histamine synthesis, and increased expression of the basophil gene E-cadherin 278 (Cdh1). We further observed downregulation of the proteases Mcpt8, Prss34 and Ctsg 279 and upregulation of the transcription factors Cebpa, Stat5b, and Spi1 ( Figure 2G ). To 280 validate the full lists of dynamically regulated genes, we compared these to mast cell 281 and basophil signature genes identified using bulk microarray analysis. 21 Genes 282 upregulated during basophil differentiation exhibited a significant overlap with the 283 previously described basophil signature genes (p = 4.0 x 10 -29 , hypergeometric test, 284 Figure S1Ei ), whereas genes that were downregulated during differentiation had significant overlap with the previously described mast cell signature genes (p = 1.3 x 286 10 -4 , hypergeometric test, Figure S1Eii projected onto the peritoneal dataset ( Figure 3B ). This demonstrated that the BMCP-305 like peritoneal cells furthest from the peritoneal MCs were most similar to the bone 306 marrow BMCPs, supporting that these were the most immature cells in the dataset. 307 308 To understand expression changes during mast cell maturation, we then performed 309 pseudotime ordering of the peritoneal cells using DPT ( Figure 3C ). As expected, interrogation of cell surface markers along the pseudotime ordering showed a strong 311 downregulation of integrin β7 and strong upregulation of markers such as Sca1 and 312 ST2 (compare Figure 1D and 3D). Genes exhibiting dynamic expression patterns 313 were identified and clustered as for the basophil trajectory (Table S3 , Figure 3E Figure S2C ). 325
326
To validate the full lists of dynamically regulated genes in the peritoneal mast cell 327 dataset, we compared these to mast cell and basophil signature identified in Dwyer et 328 al. 21 The upregulated genes significantly overlapped with the mast cell signature 329 genes (p = 3.7 x 10 -65 , hypergeometric test, Figure S2Di ). Upregulated genes included 330
Ndst2, Meis2 and Hdc ( Figure 3H ). Some genes showed expression enrichment 331 mainly in the mast cells (Meis2), whereas others were expressed more evenly across 332 the trajectory except for lower expression at the beginning of pseudotime (Ndst2). 333
There was also a small overlap between the downregulated genes and basophil 334 signature genes (p = 2.5 x 10 -5 , hypergeometric test, Figure S2Dii ). To investigate the link between gene and protein expression we also interrogated the expression of Itga4 336 and Itgb7, which encode subunits of Integrin β7. Itga4 was significantly 337 downregulated with a similar expression pattern to integrin β7 in the flow cytometry 338 data whereas Itgb7 was not significantly dynamically changing in pseudotime ( Figure  339 Figure 1C , henceforth referred to as the reference 367 dataset ( Figure 4E ). We then projected the FACS index sort data onto the principal 368 component space of the reference dataset, and plotted colony size and colony type 369 data in the same embedding ( Figure 4F ). Analysis of colony sizes showed that 370 colonies derived from BMCP-like cells were large, whereas cells along the mast cell 371 trajectory exhibited reduced proliferation rate ( Figure 4F) . Notably, the cell-fate 372 assays revealed that primary BMCP-like cells formed pure basophil colonies, pure 373 mast cell colonies or mixed basophil-mast cell colonies ( Figure 4F, S3A ). Colonies 374 derived from single mast cells were too small to analyze with flow cytometry. 375
However, mast cells cultured in bulk remained mast cells as expected ( Figure 4C mast cell differentiation was also recognized. For example, Spi1, which encodes 453 PU.1, is upregulated during late basophil differentiation. It is known to be involved in 454 neutrophil granulocyte maturation, 33,34 but the role of PU.1 in basophil differentiation 455 is yet to be delineated. During mast cell differentiation, we describe the increase of 456 the transcription factor Meis2. Primary mast cells from human skin express this 457 transcription factor, 35 but the potential function during mast cell differentiation is yet 458 to be described. Thus, the datasets can be explored to identify previously 459 unrecognized genes that may regulate basophil and mast cell differentiation. mature hematopoietic cell populations, including bulk-sorted mature basophils and 463 mast cells. 21 We observed that differentiation into basophils and mast cells involves 464 activation of mutually exclusive lineage programs. However, a small subset of the 465 previously reported signature genes is not unique to mature cells, but can also be 466 observed in bipotent progenitors. For example, we show that Mcpt8 expression is not 467 restricted to basophils but is also expressed by BMCPs. This in fact provides an 468 explanation to a major conundrum in the field. Basophils, identified as Mcpt8-469 expressing cells, have been reported to exhibit potential to transdifferentiate into mast 470 cells. 36 Our results show that a more likely scenario is that a subset of the previously 471 
